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Sommario
Lo scopo di questo lavoro è stato l’analisi termica e fluidodinamica di elementi
usati per la trasmissione del calore che possano essere utilizzati o per il raffreddamento
di altri elementi collegati (Heat Sink) o per il trasporto di calore tra due punti ad una
certa distanza (Heat Pipes). L’analisi è stata svolta utilizzando una modellazione agli
elementi finiti grazie ad Ansys Multhiphysics ed Ansys CFX. Riguardo l’Heat Sink
è stata svolta prima un’ottimizzazione circa le dimensioni per un funzionamento a
convezione naturale in cui è stato massimizzato il parametroQ/V cioè calore trasferito
rispetto al volume dell’elemento prestando però attenzione anche all’ottenimento di
un adeguato valore di Q e poi è stato validato un modello analitico di Jouhara, per un
diverso Heat Sink che funzionasse a convezione forzata variando la velocità dell’aria
in ingresso. Per quanto riguarda lo studio circa l’Heat Pipes in questo lavoro sono
state studiate le prestazioni del rivestimento poroso (wick), che influenza lo scambio
di calore in direzione radiale nell’Heat pipe avendo un effetto determinante sulla
conducibilità termica. Nel corso dello studio si è cercato di capire come differenti
tipi di wick, distinguibili tramite la porosità, influenzino il valore della conducibilità
termica in direzione radiale conducendo prima un’analisi teorica utilizzando le molte
relazioni presenti in letteratura e poi costruendo un modello F.E.M.
Abstract
The aim of this work is to carry out analyses, thermal and fluid dynamics of
element used to heat transimission that can be utilized to cooling other object
connected (Heat Sink) or to move heat between two different points at distance
(Heat Pipes). The analyses was carried out using a finite element modelling thanks
to Ansys Multhiphysics and Ansys CFX. Firstly an optimization about the Heat
Sink dimensions for a natural convection working was done. In this analysis the Q/V
parameter, that is the heat transferred over the Heat Sink volume, was maximized
being attention also to have a good value of Q. After, an analytical model of Jouhara
for a different Heat Sink that works in forced convection, was validated varying the
entrance air velocity. On the Heat Pipes study, in this work, the wick performance was
analyzed. The wick has a very important role on the heat transferred in the Heat pipe
radial direction having a decisive effect on the thermal conductivity. The objective of
this study has been to understand how different kind of wick, distinguishable using
the porosity parameter, influence the thermal conductivity values in radial direction
carring out, firstly a theorycal analysis using the correlations found in literature and
after building a F.E.M. model.
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This work includes research projects about the Finite Element Modelling of
heat transmission systems that has been done in collaboration with Trinity College
of Dublin in which a research group worked in the Thermo Laboratory of the
Mechanichal Department. The research focus on two major projects, the firstone is
about an Heat dissipation system (Heat Sink) and the secondone is a study about a
very important component of a Heat Pipe that is the wick.
The aim of this thesis is the dimensional optimizaton of a natural convective
heat sink, the thermal and fluid dynamics analysis of a forced convective heat sink
to validate an analytical model [1], and the analysis of the wick effect on the radial
thermal conductivity in a Heat Pipe. The research activity has been articulated in
the following areas.
• A period aimed to familiarize with the finite element modelling using both
Ansys Multyphysics and Ansys CFX. In this part of the study any simple
problems to compare the results with analytical approaches, publications paper
and Ansys CFX tutorials was solved.
• After, a dimensional optimization of a natural convective Heat Sink was carryed
out and it was validate an analytical model for a different forced convective
Heat Sink.
• The last project consisted in the analysis of a wicked Heat Pipe being attention
on the effect of the wick on the thermal conductivity of the Heat Pipe.
In the first chapter of the thesis a brief theorical introduction about the heat transport
methods, is presented. This is only to recall the most important heat transport
properties and the most important heat transfer laws.
In the second chapter an introduction on the thermal finite element modelling
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using Ansys Multyphysics and Ansys CFX, is presented. This is done being attention
on the governing equations that Ansys CFX solver use to solve the problems and
on the boundary conditions that is possible to utilize in the preprocessor of Ansys
CFX. Further a brief summary of the most important dimensionless parameter and
the temperature dependent quantities is reported, being particular attention on the
Heat Transfer Coefficient and how it is treated by Ansys CFX.
In the third chapter, two of the analysis that was carried out in the first period of
the research to familiarize with Ansys CFX, was reported. In this chapter the natural
convective heat transfer and the air flow along a plate was analyzed, remaking the
same analysis of [6] to compare the fluid velocity results, and an analytical approach
to compare the heat transfer datas. After the natural convection around a haet pipe
being attention also to the conducton in the pipe and comparing the results with an
analytical approach was carried out.
In the fourth chapter, one of the two major projects of this work is reported.
This is about an Heat Sink, that is a tool used to cool elechtronic components. In the
first part of the chapter an introduction about how the Heat Sink works is presented,
after a dimensional optimization about a natural convective Heat Sink is reported.
This optimization aimed to obtain the maximum value of heat removed over the heat
sink volume (Q/V ) being attention to have a value big enough of heat removed Q.
The dimensions of the heat sink optimized are the fins spacing and the fins length.
In the second part of the chapter, a model built for a forced convective Heat Sink
is described. The aim of this work is to validate the analytical approach proposed
from Jouhara [1]. The analysis results shows the air flow inside the Heat Sink at two
differents entrance velocity and how the temperature change inside the fins further
the heat transferred from the Heat Sink.
In the fifth chapter the second project of this work is presented. This is about
a wicked heat pipe. The purpose of the analysis is to study how the wick porosity,
that is a parameter that give an idea of the proportion between water and wick
material (copper) there is in the wick, influences the radial thermal conductivity of
the heat pipe. The presence of both water and copper that have different thermal
conductivity can be unify in the effective thermal conductivity (keff ). The analysis
shows how keff change with the wick porosity, what is the influence of one, two and
three wick layer on that parameter, what is the effect of a water layer of various
thickness in contact with the wick and how keff change if there is vapour instead of
water inside the wick. The study started with an analysis of the previous studies in
this field. It exists, in fact, a lot of correlations proposed in literature but there’s a
xx
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very huge difference between the values of keff using different correlations. The CFX
Analysis has the objective to find the correct value of this parameter for every kind
of wick. The modelling approach consisted to model a single cell using the symmetry
properties of the wick.
The work ends with two appendicies, in the appendix A are reported other CFX
analysis made in the first period of the work, and in the appendix B are presented





Principles of Heat Transfer
Energy that is transferred from a region with a higher temperature to a region
with a lower temperature is called Heat. This is done by one or more of the three
following mechanisms: conduction, convection and radiation. In the investigated
situations, there is very often a heat flux from a solid element and a heat transferred
between it and the fluid around it. A brief description of each of the three mechanisms
is given below.
1.1 Conduction
Conduction is the transfer of energy from the more energetic particles of a
substance to the adjacent less energetic ones as a result of interactions between the
particles. Conduction can take place in solids, liquids and gases. The rate of heat
conduction through a medium depends on the geometry of the medium, its thickness,
and the material of the medium, as well as the temperature difference across the
medium. It’s possible to conclude that the rate of heat conduction is:
Q˙ = −k ·A · dT
dx
(1.1)
where the constant of proportionality k is the thermal conductivity of the material,
which is a measure of the ability of a material to conduct heat, and dT/dx is the
temperature gradient - the rate of change of T with x. This law is called Fourier’s
law of Heat Conduction. The heat transfer area A is always normal to the direction
of heat transfer.
1
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1.2 Convection
Convection is the exchange of thermal energy when a solid surface and a fluid
surface come into contact with one another. It involves the combined effects of
conduction and fluid motion, and it is divided into two kinds of processes: natural
or free convection and forced convection. Natural convection is driven by differences
in density of the fluid due to temperature. Buoyancy forces make lighter fluids rise
and heavy fluid descend. Forced convection occurs when outside forces set a fluid in
motion across a surface that has a temperature that differs from the fluids. Fluid
motion is faster in forced convection and can therefore transfer more heat from or
to the surface. The rate of convection heat transfer can be written in the form of
Newton’s law of cooling :
Q˙ = h ·A · (Ts − T∞) (1.2)
where h is the convection heat transfer coefficient in W/(m2 · ◦C), A is the
surface area through which convection heat transfer takes place, Ts is the surface
temperature, and T∞ is the temperature of the fluid a sufficient distance from the
surface. The convection heat transfer coefficient is not a property of the fluid. It is
an experimentally determined parameter whose value depends on all the variables
influencing convection such as the surface geometry, the nature of fluid motion, the
properties of the fluid, and the bulk fluid velocity. This parameter will make an
appearance in many situations in this study.
1.3 Radiation
Radiation is the energy emitted by matter in the form of electromagnetic waves
as a result of the changes in the electronic configurations of the atoms or molecules.
This kind of heat transfer doesn’t require the presence of an intervening medium.
This is a volumetric phenomenon and all solids, liquids and gases emit, absorb, or
transmit radiation to varying degrees. The rate of radiation that can be emitted
from a real surface at an absolute Ts is given by the Stefan-Boltzmann law as:
Q˙ =  ·σ ·A ·T 4s (1.3)
where σ is the Stefan-Boltzmann constant and equals a value of 5.67 · 10−8 · W
m2 ·K4 ,
 is the emissivity of the surface that is a measure of how closely a surface approximates
a blackbody for which  = 1. Another important radiation property of a surface is
2
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its absorptivity α which is the fraction of radiation energy incident on a surface that
is absorbed by the surface. A blackbody is a perfect absorber (α = 1) and it is a
perfect emitter. In general both  and α of a surface depend on the temperature
and the wavelength of the radiation. Kirchhoff’s law of radiation states that the
emissivity and the absorptivity of a surface are equal at the same temperature and
wavelength.
1.4 Boundary Layers and Turbulence
Convection heat transfer is greatly affected by the properties of the flow field,
especially in the region close the wall. The area near the region where viscous forces
slow the fluid down is called the boundary layer. The distance from the wall, where
the fluid velocity is zero, to the part where it reaches approximately 99 percent of
the free stream velocity, is called the boundary-layer thickness. At the region close
to the wall (y+ < 500), the mean flow does not depend on free stream parameters.
It only depends on the distance y from the wall, the fluid density ρ and the viscosity
µ and the wall shear stress τω.
U = f(y, ρ, µ, τω) (1.4)







) = f(y+) (1.5)
This equation is called the law of the wall. Two important dimensionless groups;






We know that high velocities and fluctuations of the fluid motion increase the
heat transfer, and that there is a region close to the wall where these factors are
slowed down. An efficient way to increase the heat transfer would be to disrupt
these boundary layers in order to increase the mixing. Such a disruption would
have an influence on the heat transfer coefficient, h. Turbulence is such a disruption.
There are both viscous and inertial flows in a fluid flow, and when the viscous forces
become small compared to inertia, the flow becomes turbulent. Turbulent flow is best
described as chaotic and random in terms of velocity and pressure fields. It is built
up by eddies and vortexes of various length scales and frequencies and its fluctuations
3
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always occur in all three dimensions. The energy that is built up by the turbulence
comes from flow shear, created at rough walls and sharp edges. Turbulence allows for





1.1 Conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Convection . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Boundary Layers and Turbulence . . . . . . . . . . . . . . 3
CFD calculations are performed by discretization of the domain of interest into
a number of sub-domains called finite volumes. Together, these volumes form the
computational grid. Mathematical statements of the conservation laws of physics are
represented by some governing equations of the fluid flow. These equations combined
with initial and boundary conditions are the basis of the calculations done.
2.1 Conservation of mass, momentum and energy equa-
tions (Newton compressible fluid)




+ div(ρ ·U) = 0 (2.1)
This is the unsteady, continuity equation at a point in an compressible fluid.
The term dρdt is the rate of change in time of density. The second term, div(ρ ·U)
describes the net flow of mass out of the element across its boundaries and is called
the convective term. The rate of increase of momentum of a fluid particle is equal
5
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+ div(ρ ·u ·U) = −dp
dx
+ div(µ · grad(u)) + SMx (2.2)
d(ρ · v)
dt
+ div(ρ · v ·U) = −dp
dy
+ div(µ · grad(v)) + SMy (2.3)
d(ρ · z)
dt
+ div(ρ · z ·U) = −dp
dz
+ div(µ · grad(z)) + SMz (2.4)
The source terms SMx , SMy and SMz include contributions due to body forces
such us gravity, centrifugal, Coriolis and electromagnetic force. The first law of
thermodynamics state that the rate of change of energy of a fluid particle is equal to
the rate of heat added to the particle and the rate of work done on the particle. The
energy equation is derived from this law and looks like this:
d(ρ · i)
dt
+ div(ρ · i ·U) = −p · div(U) + div(kh · grad(T )) + Φ + Si (2.5)
Where Φ is the dissipation function that describes all the effects due to viscous
stresses





































+ λ · (div(U))2
(2.6)
2.2 Computer implementation - CFX
The software used in all simulations is Ansys CFX 10.0. All geometry and meshing
is done in Ansys Multyphisics and is then imported into CFX-Pre for pre-processing.
Here, all the boundary conditions and solver settings are applied. All cases are set
to solve for a steady-state solution. When the definition file, including the mesh and
the settings is written, it is brought into the CFX-Solver where solution iterations
are performed by the software. As the residual converge to the criterion, the solution
is found and the results can then be viewed in CFX-Post. The post-processor offers
a wide range of options for presenting the results. Streamlines, vector and contour
plots, surface plots and many other tools can be used to visualize what is of interest.
CFX uses a 3D-solver, therefore to get a 2D simulation modelling and meshing should
be done using the x-y planes only. In order to comply with the 3D requirements, one
element must be placed in the z-direction for the model entirety. Finally, set the x
and y planes as planes of symmetry.
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2.3 CFX - Governing equation
The solver equations has been found in the manual of Ansys CFX, in the section
of ANSYS CFX-Solver, Release 10.0: Theory. The set of equations solved by ANSYS
CFX are the unsteady Navier-Stokes equations in their conservation form. The
governing equations for periodic, fully developed, incompressible, steady flow of a






Momentum (2D Navier Stokes)
ρ ·
(
u · ∂u∂x + ∂u∂y
)
= − ∂p∂x + µ · ∇2u
ρ ·
(
u · ∂uv∂x + ∂v∂y
)
= − ∂p∂x + µ · ∇2v + ρ · g
Energy
u · ∂T∂x + v · ∂T∂y = α · ∇2T
(2.7)
It’s possible to find more information about the numerical solution of the governing
equations for the finite elements calculation in [7].
2.4 Boundary Conditions Modeling
For a given computational domain, boundary conditions can be given that over-
specify or under-specify the problem. This usually results in non-physical solutions
or failure of the solution to converge. CFX offers a lot of possibility to simulate a
process, to understand if the boundary conditions are well-posed it is very important
that the situation created can be physically recreated in a laboratory environment.
This section will summarise the boundary conditions necessary for accurate solutions
and the most important properties of such conditions. It is possible to find more
information in the Ansys CFX 10.0 Manual in the section ANSYS CFX-Solver,
Release 10.0: Modelling - Boundary Condition Modeling
7
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2.4.1 Inlet
An Inlet boundary condition is used where it is known that the flow is directed
into the domain. The boundary condition can be set in a number of ways depending
on how you want to specify the conditions, and what particular physical models
you are using for the simulation. There are many different types of Inlet boundary
condition combinations for the Mass and Momentum equations. For all other
transport equations, the value is specified directly at the Inlet, or specified in terms
of a simple relationship that constrains the dependent variable.
2.4.2 Outlet
An Outlet boundary condition can be used where it is knew that the fluid flow is
directed out of the domain. The hydrodynamic boundary condition specification for
a subsonic Outlet involves some constraint on the boundary Static Pressure, velocity
or mass flow. For all other transport equations, the Outlet value of the variable is
part of the solution.
2.4.3 Opening
An Opening can be used at a boundary where iwhere information is known about
some conditions at the boundary location but there is no certainty as to whether the
flow is into or away from that. The opening type boundary condition can therefore
be used where there is simultaneous inflow and outflow at a single location. The
Opening boundary condition type is only available for subsonic boundaries.
2.4.4 Wall
Walls are solid (impermeable) boundaries to fluid flow. Walls allow the permeation
of heat and additional variables into and out of the domain through the setting of
flux and fixed value conditions at wall boundaries. Walls are the default boundary
condition in ANSYS CFX-Pre for fluid-world and solid-world regions; any of these
regions that are not part of an existing boundary condition will remain in a default
Wall boundary when the Definition File is written. The treatment of wall boundary
conditions for turbulent flow is the same as for laminar flow, except for no-slip
conditions. Using this boundary condition it’s possible to include the loads in the
problem, that can be:
• Adiabatic
The heat flux across the wall boundary is zero (insulated).
8
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• Fixed Temperature
The wall boundary is fixed at a specified temperature Tw.
• Bulk Heat Flux / Heat Flux
A heat flux is specified across the wall boundary. A positive value indicates
heat flux into the domain.
• Bulk Heat Transfer Coefficient / Heat Transfer Coefficient
In this case, the heat flux at a Wall boundary is implicitly specified using
an external heat transfer coefficient, hc, and an outside or external boundary
temperature, To.
2.4.5 Symmetry Plane
Often a physical problem has the property that all aspects of the flow are
symmetric about some physical (flat) plane. A problem is symmetric about a plane
when the flow on one side of the plane is a mirror image of flow on the opposite side.
By definition, a symmetry boundary condition refers to a planar boundary surface.
2.5 Dimensionless parameters for correlating convection
data
For incompressible low-speed flow, the independent variables that determine the
heat transfer coefficient, h, are the fluid free stream velocity, U , a linear dimension,
D or x, and the fluid properties of thermal conductivity, k, viscosity µ, specific heat
Cp, and density ρ. Using dimensional analysis on the four primary dimensions (mass,
time, length and temperature) that are included in the independent variables, we
achieve any dimensionless groups. Information in this section was obtained from [8]
and [9].
The first dimensionless group is called the Reynolds number. It may be interpreted
as the ratio of the inertia and viscous forces. In fact it’s possible to say that:
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where L is the characteristic length of the problem. When the Reynolds number is
large, the inertia forces are in command, otherwise the viscous forces dominate the
boundary layer when the Reynolds number is small. Any real flow of fluid contains
small disturbances that will grow given enough opportunities however, as long as the
viscous forces dominate the flow, disturbances are under control. As the inertia forces
get bigger, the viscosity can no longer maintain order and these tiny disturbances
grow into trouble makers and there is transition to turbulent flow. The value of the
Reynolds number beyond which the flow is no longer considered laminar, is called
the critical Reynolds Number. For flow over a flat plate, the Reynolds Number is
observed to vary between 105 to 3 · 106 depending on the turbulence level in the free
stream and the roughness of the surface.
The second dimensionless parameter is called the Nusselt number and can be
interpreted as the dimensionless heat transfer coefficient. It provides a measure of





where h is the heat transfer coefficient, L is the characteristic length of the problem
and k is the thermal conductivity. To explain the concept of Nusselt Number it’s
necessary to look at the boundary layer. When a fluid flows over a solid surface,
the first layer of the fluid tends to sticks to the boundary (no slip condition). This
causes the flow to retard in the vicinity of the wall. Moving away from the wall the
effect of this no slip effect get smaller and smaller up to a point where it is no longer
felt by the fluid. To get to this point, though, it has to go through a layer of fluid
who still knows about the wall. This layer is called the boundary layer. boundary
layer is the effect of the wall on the velocity (or momentum) of the fluid around the
wall. A similar argument applies when, for example, a cold fluid flows over a hot
surface. The first layer of the fluid (which is now stuck to the surface) gets its heat
from the surface through pure conduction. It then gives its newly acquired energy to
all of the other fluid molecules that it comes in contact with as they pass by it (this
is convection). As we move further and further away from the wall, the effect of the
hot wall is felt less and less (it, of course, depends on the thermal conductivity of the
fluid). Eventually, there comes a point where the fluid acts as it would without the
presence of the hot wall. The layer of fluid between the wall and this point is called
the thermal boundary layer. It is where all of the temperature dependent action is
taking place (as far as heat transfer between the solid and fluid is concerned). In a
boundary layer situation the characteristic length is the thickness of the boundary
10
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layer. Consider a fluid layer of thickness L with a temperature difference ∆T across
this layer, it is possible to say:
















Thus, the Nusselt number may be viewed as the ratio of convection to conduction for
a layer of fluid. If Nu=1, there is pure conduction. Higher values of Nusselt mean
that the heat transfer is enhanced by convection.





which is the ratio of momentum diffusivity (kinematic viscosity) to thermal diffusivity.
It can be related to the thickness of the thermal and velocity boundary layers. It
is actually the ratio of velocity boundary layer to thermal boundary layer. When
Pr=1, the boundary layers coincide. When Pr is small, it means that heat diffuses
very quickly compared to the velocity (momentum). This means the thickness of the
thermal boundary layer is much bigger than the velocity boundary layer for liquid
metals.
Another important dimensionless parameter is the Grashof Number that is defined
as:
Gr =
g ·β ·∆T ·L3
ν2
(2.16)
where L is a relevant characteristic length. In natural convection the Grashof number
plays the same role played by the Reynolds number in forced convection. The buoyant
forces are fighting with viscous forces and at some point they overcome the viscous
forces and the flow is no longer nice and laminar. For a vertical plate, the flow
transitions to turbulent around a Grashof number of 109.
Rayleigh Number
The Rayleigh number is the product of Grashof and Prandtl numbers. It turns
out that in natural convection the Nusselt number scales with Rayleigh rather than
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just Grashof as would be anticipated. Most correlations in natural convection are of
the form:
Nu = C ·Ran (2.17)
where
Ra =
g ·β ·∆T ·L3 ·Pr
ν2
(2.18)
2.6 Heat Transfer Coefficient
The Heat Transfer Coefficient (HTC,h) is derived as:
h =
Q˙







Another way of writing the heat transfer coefficient is:
HTC =
qwall
Twall − Tfluid (2.20)
Tfluid is the user defined bulk temperature, often set to the main flow temperature.
It is important that the receiver of the coefficient is aware of which value Tfluid is
set to. It is not evident.
2.7 Temperature dependent quantities
To do the analytical analysis of the problems that will be presented in the
forthcoming chapters, it is necessary to define the correlations that will be used for
the temperature dependent quantities as Specific Heat, Density, Viscosity, Thermal
Conductivity. The correlations used are written below [10]:
• Specific Heat
Cp(T ) = (1 + 1.78 · 10−5 ·T + 4.05 · 10−7 ·T 2 + 1.02 · 10−9 ·T 3+






where p is the pressure of the gas and R is the universal constant of the gases.
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• Dinamic Viscosity
µ(T ) =
T 0.5 · 10−6








k(T ) = 0.024 + 7.948 · 10−5 ·T − 3.548 · 10−8 ·T 2 − 2.08 · 10−12 ·T 3
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In this Chapter simple analyses about natural convection and conduction are
reported. These analyses were made to compare the CFX results with analytical
correlation. Different cases are investigated to see how CFX answers compare to the
heat transfer correlations and measurements found in literature.
In the appendix A are reported another case examined in the training period to
use the CFX software.
3.1 2D Air flow along a heated isothermal plate
To get used to the finite element analysis utilizing Ansys CFX, a problem that
Zitzmann et al. analyzed in [6] were used. The problem consists of a study of the
15
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heat transfer from an isothermal plate and the air flow along it, being interested
only in natural convection. The plate is 381 mm high and 1 m long. The thickness
is not matter for the purpose of this analysis. The plate is kept at 33 ◦C and the air
temperature start from 21 ◦C away from the plate. The CFX results of this problem
has been compared also with an Analytical approach presented in the par. 3.1.2.
3.1.1 CFX Analysis
The plate is isothermal, for this reason is possible to model only the fluid domain
putting in the boundary conditions the plate presence like an isothermal wall at
33 ◦C. The other boundary conditions are opening surfaces at 21 ◦C. Under the
plate there is an adiabatic wall because the thickness of the plate is not modeled and
then an adiabatic wall the better is approximation (otherwise it is possible to put
an opening surface here too). In fact the opening surfaces assume that the air flow
is normal to it. In the surfaces normal to the working plane, symmetry boundary
conditions were applied. Despite the analysis being 2D it is necessary to model a
thickness for ANSYS to function (see par. 2.2).
(a) Model mesh (b) Boundary conditions used
Figure 3.1: Model Mesh and Boundary Conditions used
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Figure 3.1 shows the mesh used, which is formed of quadrilateral elements near
the isothermal wall where more accurate analysis is needed. Triangular elements are
used in areas of less importance, where accuracy is not as big a concern. Figure 3.1
also indicates the boundary condition which were described before.
(a) Temparature plot in the air (b) Velocity vector
Figure 3.2: Temperature plot and velocity vector in the air near the plate
Results
In the figure 3.2 the contour of temperature in the air and the velocity profile
of the air, are indicated. Obviously, the air temperature is the same as the plate
temperature for the air close the plate and decrease as the distance from the plate
increases. From the velocity profile it can be noted that, naturally, close to the plate
the velocity is zero. As the distance from the plate increases, the velocity increases
17
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(a) Temperature profile (y/H = 0.95) (b) Velocity profile (y/H = 0.95)
Figure 3.3: Temperature and velocity profile along a line at 95 of the plate height
Figure 3.4: Heat transfer coefficient profile along the plate
first and then returns to zero again. This is confirmed from the graphs represented
in figure 3.3.
In the graph represented in figure 3.4 the profile of the heat transfer coefficient
along the plate is indicated. In determining where the heat transfer is better, one
must consider that the heat transfer coefficient starts very high because the air that
approaches the plate is cold and when the air rises up the plate it becomes hotter
and the heat transfer decreases.
In table 3.1 the quantities about the heat transferred that it was found that will
be compared with the analytical solution, are summarized.
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Table 3.1: Heat Transfer quantities
Wall Heat Transfer Coefficient 3.51 W
m2 ·K
Wall Heat Flux 42.12 W
m2
Heat Transfer 16.04 W
3.1.2 Analytical Approach
This analytical calculation is finalised to find the value of the heat transfer
coefficient on the plate and the heat transferred from the plate to the surrounding
air. Doing this calculation required the correlations for temperature dependent
presented in the section 2.7, in which the temperature T was considered the average
temperature from the pipe and the fluid far away from the pipe. The correlation in
















Utilising this approach produced the following values:
• Pr = 0.71
• Ra = 30.5 · 103
• Nu = 5.7
• h = Nu · kD = 3.65 Wm2 ·K
• Q = h ·A ·∆T = 16.69 W
Comparing this values with the values found with the CFX Analysis in the tab. 3.1
it can be seen that the results are very similar. The little difference should be due to
a slight difference in the correlations used by CFX or by any numerical error.
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3.2 3D Air flow around an heat pipe
In this analysis, a pipe that is heated in an extremity at 70 ◦C and cooling by
natural convection from air, is considered. In figure 3.5 a schematic view of the
problem is represented. The thermal conductivity of the pipe is 400 Wm ·K (copper).
Basically, the heat is transferred along the pipe by conduction and from the pipe to
the air by natural convection.
Figure 3.5: Heat pipe heated in an extremity and cooling by natural convetion from
air
3.2.1 CFX Analysis
The model was built with the aid of the symmetry properties of the problems,
for this reason only half of the problem’s geometry was modelled, as shown in fig
3.6. To study this problem it was necessary to build two different models, one for
the solid and one for the fluid. This was due to the importance of the conduction
along the pipes and the analysis of this section of the problem. In the previous case,
Section 3.1, there was an isothermal plate, and therefore it was not necessary to
model the plate.
The boundary conditions used for this problem are represented in fig. 3.7. They
are (1) an isothermal wall in the heated extremity of the pipe at the interface with
the fin, (2) an adiabatic wall for the other extremity (this is not a fully realistic
condition, but is a good approximation for a simplified model), (3) opening surfaces
in the top, bottom and longitudinal sides to the right of the pipe, (4) symmetry
boundary condition at the left of the pipe. To approximate the contact between
the solid and liquid, an interface boundary condition was used, which moved the
information from the solid surface to the adjacent liquid surface.
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Figure 3.6: Models Mesh built
Results
The following figures represent the results of this analysis. Fig 3.8 shows the
contour of temperature in which it is possible to see how the heat is transferred along
the pipe, and how this difference of temperature in the pipe affects the temperature
of the air around the pipe. The conduction along the pipe is also shown in the
graph in fig 3.9, in which the difference of temperature between beginning and end
of the pipe is clear. In fig. 3.10 a vector plot of the air velocity around the pipe is
represented.
Table 3.2: Heat Transfer quantities
Wall Heat Transfer Coefficient 6.97 W
m2 ·K
Wall Heat Flux 251.86 W
m2
Heat Transfer 11.68 W
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Figure 3.7: Boundary condition used
3.2.2 Analytical Approach
This analytical calculation is finalised to find the value of the heat transfer
coefficient on the surface of the pipe and the heat transferred from the pipe. Doing
this calculation required the use of correlations for temperature dependent quantities
- presented in section 2.7, in which the temperature T was considered as the average
temperature between the pipe and the ambient fluid, and the correlation reported in
















Utilizing this approach the following values were found:
• Pr = 0.71
• Ra = 53 · 103
• Nu = 6.6
• h = Nu · kD = 7.4 Wm2 ·K
• Q = h ·A ·∆T = 17.16 W
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Figure 3.8: Temperature contour around the pipe
Figure 3.9: Temperature profile along the heat pipe
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Figure 3.10: Temperature and velocity around the pipe
This values are slightly different to the values found with the CFX Analysis in tab.
3.2, because in that case conduction through the pipe was also considered. To make
sure that the results were correct, a CFX analysis was performed which considered
the pipe at a uniform temperature of 70 ◦C and the results found were very near to
those found using the analytical correlations. These results are summarised in tab.
3.3.
Table 3.3: Heat Transfer quantities for CFX Analysis with uniform temperature for
the heat pipe
Wall Heat Transfer Coefficient 7.48 W
m2 ·K
Wall Heat Flux 374.5 W
m2
Heat Transfer 17.36 W
3.3 Conclusions
In the analysis about the plate that was presented the results shown in the graphs
was compared with Zitzmann et al. [6], to have a guide in this first approach with
Ansys CFX. In addition to it, the results was compared with an analytical approach.
It can be seen that the CFX results are very near to the analytical results. This
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works was made for the second analysis about the heat pipe too. Also in this case
the results found are very good. It’s possible to conclude that, in the investigated
area, Ansys CFX gives a very accurate prediction of the thermal performances. In
addition using the CFX post processor, it’s very siple to have very good picture
about the temperature and velocity contour and graphs. The period in which was
made this work and the work presented in A has been very helpful to solve the major
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In this chapter a study of a heat sink is reported. The study focuses on the
optimization of a natural convective heat sink and a computation for another forced
convective heat sink.
4.1 What’s a Heat Sink
A heat sink (or heatsink) is an environment or object that absorbs and dissipates
heat from another object using thermal contact (either direct or radiant). Heat sinks
are used in a wide range of applications wherever efficient heat dissipation is required.
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Principle
Heat sinks function by efficiently transferring thermal energy (heat) from an
object at high temperature to a second object at a lower temperature with a much
greater heat capacity. This rapid transfer of thermal energy quickly brings the first
object into thermal equilibrium with the second, lowering the temperature of the
first object, fulfilling the heat sink’s role as a cooling device. Efficient function of
a heat sink relies on rapid transfer of thermal energy from the first object to the
heat sink, and the heat sink to the second object. The most common design of a
heat sink is a metal device with many fins. The high thermal conductivity of the
metal combined with its large surface area result in the rapid transfer of thermal
energy to the surrounding, cooler, air. This cools the heat sink and whatever it is in
direct thermal contact with. Use of fluids (for example coolants in refrigeration) and
thermal interface material (in cooling electronic devices) ensures good transfer of
thermal energy to the heat sink. Similarly a fan may improve the transfer of thermal
energy from the heat sink to the air.
Performance
Heat sink performance (including free convection, forced convection, liquid cooled,
and any combination thereof) is a function of material, geometry, and overall surface
heat transfer coefficient. Generally, forced convection heat sink thermal performance is
improved by increasing the thermal conductivity of the heat sink materials, increasing
the surface area (usually by adding extended surfaces, such as fins or foam metal)
and by increasing the overall area heat transfer coefficient (usually by increase fluid
velocity, such as adding fans, pumps, etc.).
Use in electronics
In common use, it is a metal object brought into contact with an electronic
component’s hot surface - though in most cases, a thin thermal interface material me-
diates between the two surfaces. Microprocessors and power handling semiconductors
are examples of electronics that need a heat sink to reduce their temperature through
increased thermal mass and heat dissipation (primarily by conduction and convection
and to a lesser extent by radiation). Heat sinks are widely used in electronics, and
have become almost essential to modern integrated circuits like microprocessors,
DSPs, GPUs, and more.
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Construction and Materials
A heat sink usually consists of a base with one or more flat surfaces and an array
of comb or fin-like protrusions to increase the heat sink’s surface area contacting
the air, and thus increasing the heat dissipation rate. While a heat sink is a static
object, a fan often aids a heat sink by providing increased airflow over the heat
sink - thus maintaining a larger temperature gradient by replacing the warmed air
more quickly than passive convection achieves alone - this is known as a forced air
system. Heat sinks are made from a good thermal conductor such as copper or
aluminum alloy. Copper (401 W/(m ·K) at 300 K) is significantly more expensive
than aluminum (237 W/(m ·K) at 300 K) but is also roughly twice as efficient
as a thermal conductor. Aluminum has the significant advantage that it can be
easily formed by extrusion, thus making complex cross-sections possible. The heat
sink’s contact surface (the base) must be flat and smooth to ensure the best thermal
contact with the object needing cooling. Frequently a thermally conductive grease
is used to ensure optimal thermal contact, such compounds often contain colloidal
silver. Further, a clamping mechanism, screws, or thermal adhesive hold the heat
sink tightly onto the component, but specifically without pressure that would crush
the component.
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4.2 Design of Optimum Natural Convective Heat Sink
4.2.1 Previous Analytical Studies
In the 2003 Avram Bar-Cohen et al. paper [5] a very good study was performed
on the analytical optimisation of a natural convective heat sink. This paragraph will
summarise the results that were found from this study. In figure 4.1 the heat sink
studied in [5] is illustrated. Calling qT the heat transfer from the heat sink, it is
Figure 4.1: Rectangular plate-fin Heat Sink
reported that this can be approximated by:
qT = nfin · qfin + hbase ·Ab ·ϑb (4.1)
where nfin is the total number of the fins, qfin is the heat transfer rate from a single
fin, hbase is the average heat transfer coefficient for the unfinned base area, Ab , and
ϑb is the array base-to-ambient temperature difference. To optimize the heat sink,




L ·W ·ϑb (4.2)
He did the analysis changing the values of s (space between the fins), t (thickness
of the fins) and H that is the length of the fins. The results of his analysis are
summarized in fig. 4.2 and in fig. 4.3, in which he considered: H = 4.5 cm,
L = W = 10 cm, aluminum fin with kfin = 200 Wm ·K and a temperature difference
ϑb = 25 K. Basically he found that the optimum fin space is about 8 mm and for a
fin-thickness of 1 mm he found an array heat transfer coefficient of about 52 W
m2 ·K .
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Figure 4.2: Array heat transfer coefficent changing s
Figure 4.3: Array heat transfer coefficent changing H/t
4.2.2 CFX Analysis
Before starting with a finite element optimization for a different heat sink, a
finite element analysis for the same heat sink considered in [5] was performed, to
compare the results. To model the problem, the symmetry of the heat sink was
utilised. In this way, a half fin, and a half portion of air between two fins was built
and the corresponding boundary conditions were applied, as represented in the figure
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4.4. In the two planes perpendicular to the paper, an opening boundary for the air
domain was applied, while an adiabatic boundary was applied for the solid domain.
In this case the model was meshed using hexahedral elements swept in the space.
Figure 4.4: Model and boundary conditions used for the natural convective heat sink
However, particular attention was given to the areas near the edges of the heat sink,
by using a finer mesh. In terms of quantities, the size of the elements is of 0.4 mm
in the surfaces perpendicular to the air flow, starting from 0.1 mm near the edge to
2.5 mm mm in the middle for the surfaces that are parallel the air flow. Pictures
about the mesh built are represented in the figures 4.5 and 4.6.
Figure 4.5: Mesh of the model in the surface perpendicular to the air flow
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Figure 4.6: Mesh of the model in the surface parallel to the air flow
Results
In the figures 4.8 and 4.9 temperature variation inside the heat sink is plotted
for the planes A-A (4.8a), B-B (4.8b), C-C (4.9a), D-D (4.9b) and E-E (4.9c) shown
in the figure 4.7. Analyzing the temperature of the heat sink it is possible to see
that, naturally, most of the heat is transferred through the bottom of the heat sink,
in which cold air approaches the heat sink, going up through the fins spacing. The
temperature of the air increases and the heat exchanged with the solid decrease the
higher up the channel the air is tracked. This indicated that there is a height limit in
which building a heat sink higher than this would generate constant heat exchange.
In figures 4.10 and 4.11 the air velocity inside the fins channels is plotted for the
planes A-A (4.10a), B-B (4.10b), C-C (4.11a), D-D (4.11b) and E-E (4.11c) shown
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Figure 4.7: Plane used to plot the temperature and velocity contour in the next
figures for the convective heat sink
(a) Air Temperature. Section A-A (b) Air Temperature. Sec-
tion B-B
Figure 4.8: Air Temperature in the fins channel for planes A-A and B-B
in the figure 4.7. Figure 4.12 represents an enlarged view of the red areas shown in
figures 4.10b and 4.11b. This allows one to understand what is happening to the air
that arrives from the lateral side of the heat sink. The air flow inside the heat sink,
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(a) Air Temperature. Section C-C (b) Air Temperature. Section D-D(c) Air Temperature. Section E-E
Figure 4.9: Air Temperature in the fins channel for planes C-C, D-D and E-E
creates an area of lower pressure that pulls other air from outside, this air arrives
not only from the bottom side of the heat sink, but from the lateral side as well.
In table 4.1 the results found from the F.E. Analysis are summarised. Comparing
Table 4.1: Heat Transfer quantities for the same Heat Sink than [5]
Wall Heat Transfer Coefficient 5.72 W
m2 ·K
Wall Heat Flux 136.285 W
m2
Heat Transfer 14.84 W
these results with those from [5], the value of the Array Heat Transfer Coefficient
was calculated, with the same relation used in the paper (that is eq. 4.2), utilizing
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(a) Air Velocity. Section A-A (b) Air Velocity. Section
B-B
Figure 4.10: Air Velocity in the fins channel for planes A-A and B-B
for qT the value of the Heat Transfer that was found with the CFX Analysis. In this
way it was determined that ha = 59.36 W . This value compares closely with values
found from [5]. It is possible to say that in this case the CFX results are sufficiently
precise. Now the optimization for the new Heat Sink with a finite element approach
will be discussed.
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(a) Air Velocity. Section C-C (b) Air Velocity. Section D-D (c) Air Velocity. Section E-E
Figure 4.11: Air Velocity in the fins channel for planes C-C, D-D and E-E
4.2.3 Optimization of a New Convective Heat Sink using F.E.M.
This study was done to optimize the dimensions of a natural convective heat
sink using a F.E. Analysis. The optimization paid specific attention to maximizing
the value of the parameter QV , where Q is the total heat transfer from the heat sink,
and V is the cluttered volume of the heat sink, that is, looking at figure 4.1, simply
W · (H + p) ·L, where p is the thickness of the base plate. The Heat Sink must be
remove a total heat Q of, at least, 130 W . The optimization was carryed out for a
difference of temperature of 50/◦C, the hot plate is at 70/◦C and the air far away
from the heat sink is at 20/◦C. The optimization began by finding the optimum
space between the fins, then, with this space the optimum fin length was sought.
The thickness of the fins it was kept constant at t = 1 mm, the heat sink length of
W ≈ 300 mm and the heat sink heigth L = 100 mm.
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(a) Zoom of the velocity from the red area in 4.10b
(b) Zoom of the velocity from the red area in 4.11b
Figure 4.12: Zoom of Air velocity
Optimum space s
Naturally changing the gaps will change the design of the heat sink. Keeping
the heat sink and the total length W approximately constant and changing s will
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change the number of fins in the structure. The fin number is very important in
understanding how many times the heat transfer values will be multiplied for the
model - that is for an half fin. The value of s was varied at 5, 6, 7, 8 mm. Table
4.2 shows the dimensions of the heat sink changing s and the results found about
the heat transfer that are plotted in a graph in figure 4.13a. While figure 4.13b
shows the variation of the rate QV changing the fins gap s, this is the parameter that
will be considered for the choose of the optimum case. In this step of the analysis
the fins length (H) was kept of 100 mm. From these graphs it’s evident that the
Table 4.2: Design of the heat sink - Heat Transfer changing s
s (mm) W (mm) number of fins Q (W ) QV
kW
m3
5 301 51 116.2 74.2
6 302 44 130.8 83.3
7 297 38 125.9 81.5
8 298 34 118.7 76.6




changing the fins spacing s
Figure 4.13: Heat sink performance changing s
best solution is the case in which the fins gap is 6 mm. For this reason in the next
analysis to find the best fins length this value will be used.
Optimum fins length H
The second dimension to optimize is the fins length H. Utilizing the dimensions
found in the previous case for s, an analysis changing the values of H between the
values of 50 mm and 125 mm was made. In table 4.3 are shown the results.
From this results it can be seen that, naturally, increasing the value of H, increase
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Table 4.3: Design of the heat sink - heat transfer changing H








the value of the heat transferred Q but in this case, decrease the value of Q/V . In
figure 4.14 it can be seen the trend of Q and Q/V changing H. Analyzing this results
it can be say that a good value is H = 100 mm because this give both a good value
of Q (that must be at least 130 W ) and a good value of the rate Q/V (83.4 kW
m3
).
(a) Total heat transfer changing H (b) Rate Q/V changing H
Figure 4.14: Heat sink performance changing H
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4.3 Computation for a Forced Convective Heat Sink
The main objective of this work is to validate the results determined by Jouhara
[1] for a forced convective heat sink using an analytical approach, building an FEM
model. The heat sink is made of rectangular fins, and the FEM model allows the
prediction of temperature and flow distribution in the heat sink and heat transfer
from the heat sink to the air, under conditions of cooling by laminar forced convection.
The dimensions of the heat sink are shown in the figure 4.15.In this case, in order to
build a model as close as possible to the analytical approach of Jouhara, the heat
sink was modeled with a plate on the opposite side of the heated plate.
Although various flow configurations and fin geometry are possible for the cooling
process, to date most investigations have considered rectangular fins. Teerstra et al.
[11] examined an air flow parallel to the base plate; in this case the heat transfer
may therefore be represented by convection in a parallel plate channel. Duan and
Muzychka [12] considered an impinging flow on the central region of the fin assembly,
which then turned through 90◦ and exited outwards in both directions through the
rectangular channels formed by cooling fins. Shin [13] also investigated rectangular
fins and included cooling by natural convection.
The temperature of the base plate was keept at 50 ◦C and the temperature of the
air far away from the heat sink was considered to be 20 ◦C.
The dimensions of the test case considered from [1] are:
• b = 2.18 mm
• t = 1.25 mm
• h = 55.25 mm
• l = 125 mm
• a = 49.27 mm
4.3.1 Analytical Approach from [1]
Jouhara [1] studied the heat sink using three different approaches:
1. Idealised case
In this case he assumed the fin surface to be at uniform temperature Ts
equal to that of the base plate. Even then he used heat transfer correlations
for convection from surfaces of uniform temperature because these types of
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(a) 2D views
(b) 3D draw
Figure 4.15: Heat sink studied for forced convection
boundary conditions represent the case under examination most closely. In
this case Jouhara introduced a dimensionless length scale x∗ defined by
x∗ =
x
Re ·Pr ·Dh (4.3)
where Re and Pr are the Reynolds and Prandtl number, respectively defined in
2.10 and 2.15 and Dh is the hydraulic diameter. Jouhara states that the heat
removal from the heat sink can be calculted using the following equation:
Q = N · ρ ·um ·A · cp ·ϑ0 ·
(
1− e−4 ·Num ·L∗
)
(4.4)
in which L∗ corresponds to the value to x∗ at the end of the flow channels, and
using for the mean Nusselt number Num the empirical data found from Shah
and Bhatty in [14] that is:
Num = 7.55 +
0.024 · (x∗)−1.14
1 + 0.0358 ·Pr0.17 · (x∗)−0.64 (4.5)
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2. Approximate analysis
In this case Jouhara considered the conduction from the base plate into the
cooling fins introducing a fin efficiency η. IIn this case the expression that
defines the heat removal from the heat sink from 4.4 was changed to:
Q = N · ρ ·um ·A · cp ·ϑ0 ·
(
1− e−4 · (η+ b2 ·H ) ·Num ·L∗
)
(4.6)
where for Num he used equation 4.5.
3. Analysis using numerical integration along the flow passage
In this case Jouhara considered the variation of heat transfer coefficient and
fin efficiency along the flow defining the mean Nusselt number Num in terms







and find Nu by differentiation that was performed by Shah and Bhatti in [15]:
Nu = 7.55 +
0.024 · (x∗)−1.14 · (0.0179 ·Pr0.17 · (x∗)−0.64 − 0.14)
(1 + 0.0358 ·Pr0.17 · (x∗)−0.64)2 (4.8)
Local heat transfer coefficients and local fin efficiencies may then be calculated
from this expression and again, after including the contribution of the base
plate to convective heat transfer, the increase in bulk air temperature can
be evaluated in steps along the flow passage. Finally the overall rate of heat
removal from the flow passage can again be calculated using equation:
Q = N · ρ ·um ·A · cp · (ϑ0 − ϑL) (4.9)
The result that Jouhara obtained for the three approaches indicated above are
summarized in 4.4. The rate of heat transfer Qnum calculated by numerical integraton
can be seen to be lower than Qapprox. The value found using average values of the
Nusselt number and fin efficiency were lower by an amount which varied from almost
zero at the lowest flow rate to 3.9% at the highest flow rate.
4.3.2 CFX Analysis
Compared to the model developed in the previous paragraph for a natural
convective heat sink, in this case there are, basically, two important differences. The
first difference relates to building of the model, because in this case the initial velocity
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Table 4.4: Results for the heat sink - Analytical Approach
Ua um Re Num Qideal ηm Qapprox Qnum TL
(m/s) (m/s) (W ) (W ) W (◦C)
1 1.88 522 7.96 96.3 0.776 89 89 45.1
2 3.75 1044 8.38 150.7 0.676 131 129 38.2
3 5.63 1566 8.79 184.2 0.759 154 151 34.2
4 7.51 2088 9.18 208.7 0.751 170 166 31.7
5 9.39 2610 9.56 228.5 0.744 183 178 30.0
6 11.3 3132 9.93 245.5 0.737 193 187 28.8
7 13.1 3653 10.28 260.7 0.731 203 196 27.9
8 15.0 4175 10.62 274.6 0.725 211 203 27.1
of the air far away from the heat sink was known, it is therefore very important to
model the air under and over the heat sink, as the velocity will change when the air
approaches the fins due to the reduction of area. The second difference is related to
the precedent, because in this case an inlet boundary condition was placed before the
fin with the value of the velocity for the air. In performing the analysis the buoyant
effects were not considered, and instead only the forced convection effects that are in
command were considered.
The model is made up of two different parts: the first one is the solid model and
the second is the fluid model that surrounds the heat sink. Regarding the mesh of
the model many other cases studied before have analysed this issue, for example
Zitman et al. [6] studied several cases of natural convection in 2D and 3D. In the first
case they studied the flow along a plate (2D) and used rectangular elements near the
surface and triangular element in the air away the surface with a bigger size than the
rectangular elements. In the other two cases they compared the results of the 2D and
3D studies of natural convection in a cube with a heated and a cooled surface. As well
as this, in these cases the elements are rectangular near the surfaces and triangular in
the middle of the cube. In [16] Comunelo et al. the air flow and the heat transfer due
to the natural convection along a plate was studied, comparing the F.E.M. results
with a direct experience, with particular attention to the environmental influence. In
this case, only hexahedral elements were used, with an exponentially varying length
moving away the plate.
In the case studied for the heat sink, a mesh constituting almost all hexahedral
elements swept the volume, because the dimensions of the model (in particular the
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fins spacing) are very low, and is therefore possible to do reduce the heaviness of the
computation for the PC to work with all hexahedral than pyramidal elements.
The dimensions of the elements change along the fins, these are 0.1 mm near
the edge and 1 mm in the middle of the fin, 0.3 mm in the thickness of the fins
and 0.2 mm in the thickness of the air between the fins. The mesh built is shown
in figure 4.16 in which is possible to see the mesh for the 3D model of the air and
a zoom of an area near the edge. It can be seen that the mesh start very fin near
the fins edge to become bigger in the middle of the fin. In figure 4.17 the mesh
built for the solid model is represented. The model built for the solid part and the
Figure 4.16: Mesh built for the fluid model
boundary conditions used for this model are represented in the figure 4.18a where s
means symmetry, i means interface solid-fluid, h means heated surface and a means
adiabatic surface. In figure 4.18b the section that will be used to plot the results are
shown.
Results
The heat sink was analyzed for two differents initial velocity of the air (2 ms and
4 ms ). In table 4.5 the results found are summarized. These will be compared with
the analytical approach of Jouhara.
In figure 4.19 illustrates the air temperature inside the channel between two
fins. The fluid approaches the heat sink at 20 ◦C and as it travels through the heat
sink its temperature increases. In the figure it is possible to see the temperature
difference between the two different initial velocities, where the case with a higher
initial velocity exchanges more heat because of the temperature difference between
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Figure 4.17: Mesh built for the solid model
Table 4.5: Results about the heat transfer found for the two cases analyzed
uinitial = 2 ms uinitial = 4
m
s
Average heat flux ( W
m2
) 807 1031
Average heat transfer coefficient ( W
m2 ·K ) 32.68 44.25
Total Heat Transfer ( W ) 134.9 172.4
the fins and the air being larger.
In figure 4.20 the velocity profile of the air inside the channel is shown. The fluid
approaches the heat sink at the initial velocity uinitial, the reduction of available
surface to go through means an improvement in velocity. For this reason the mean
velocity inside the channel is bigger than the initial velocity. In figure 4.21, that is
a zoomed image of the circled area in 4.20b, the disturbance of the fluid when it
approaches a solid perpendicular surface is shown. It can be noted that a vortex is
formed before the heat sink and inside it, near the solid surface. In figure 4.22 the
Aluminum temperature is shown. These figures give an idea about the heat transfer
by conduction inside the fins of the heat sink. Obviously, in the case of initial velocity
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(a) Boundary conditions (b) Section used
Figure 4.18: Model built, boundary conditions and section used to represent the
results
of 4 ms there is an average temperature inside the fin less than that of the case for
2 ms initial velocity, because the air temperature is lower in the first case. In figure
4.23 the profile of the heat transfer coefficient along the fins is shown. Naturally it
starts very high due to the approach of cold air with the fin and it has a very fast
decrease to an almost constant value.
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(a) Air temperature in the channel (uinitial = 2 ms )
(b) Air temperature in the channel (uinitial = 4 ms )
Figure 4.19: Air temperature in the channel
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4.3.3 Conclusions
In this chapter a natural convective and a forced convective Heat Sink was
analyzed. From the results found for the analysis of the natural convective Heat Sink
on the model of [5] it can be say that, the FEM model built, gives enough accurate
results. The results found in the following optimization for a natural convective Heat
Sink are valid for a difference of temperature, between air and heated plate, of 50 ◦C.
In case of a different difference of temperature the dimensional optimization can
bring different results.
From the last analysis, in which an analytical model of Jouhara, was validate, is
possible to conclude that the CFX results and the analytical results are very close.
For this way the purpose to validate the model was reached very satisfactorily.
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(a) Air velocity in the channel (uinitial = 2 ms )
(b) Air velocity in the channel (uinitial = 4 ms )
Figure 4.20: Air velocity in the channel
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Figure 4.21: Zoom of the circle area in 4.20b - Fluid disturbance
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(a) Conduction through the fin (uinitial = 2 ms )
(b) Conduction through the fin (uinitial = 4 ms )
Figure 4.22: Temperature inside the Aluminium fin for the two cases studied
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(a) Heat Transfer Coefficient profile (uinitial = 2 ms )
(b) Heat Transfer Coefficient profile (uinitial = 4 ms )
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The main objective of this work is to build a model to predict the effective
thermal conductivity of a saturated mesh wick. The saturated wick has the largest
thermal resistance, Rth, of any section of the heat pipe and therefore it is the primary
blockage to heat flow in the system. This is due to the fact that it contains a large
amount of water. The water and copper combined in the saturated wick will have an
effective thermal conductivity keff . Water has a much lower thermal conductivity, k,
than copper and the porosity of the wick structure means that it is mostly made of
water. Therefore keff will be between k values for copper and water but closer to
that of the water.
About the work presented in this chapter on the prediction of the effective thermal
conductivity for a screen mesh wick is carring out a publication [17].
In literature exists a lot of model for predicting keff of the wick. This model
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are made up or using analytical approaches or doing direct experiences. The results
present a very huge differences using different models. In figure 5.1 a comparison
between these models is shown, as one can see the results vary by up to two orders
of magnitude. This means we have no accurate prediction of the performance of heat
pipes.
Figure 5.1: Comparison of existing analytical and Semi-Empirical models as a
function of Temperature for a fixed value of porosity ( = 0.65) using Marcus model
(eq. 5.7) [2]
5.1 Heat Pipes
Heat pipes are devices designed to transfer heat. They are often referred to as
the superconductors of heat as they possess an extra ordinary heat transfer capacity
& rate with almost no heat loss. The heat pipe has a high thermal conductance
which utilizes transport of vapor and rejection of latent heat to achieve efficient
thermal energy transport [18]. A heat pipe is essentially an enclosed, passive two
phase heat transport loop [2]. It uses the latent heat of vaporization to transfer heat
over a significant distance while maintaining only a small temperature difference
between the condenser and evaporator. The heat transfer that can be achieved is
typically several orders of magnitude greater than by conduction or using sensible
heat in convective system [19]. The heat pipes are used in any application requiring
the transfer of heat in or out of a body. They generally exhibit a high rate of heat
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transfer for small temperature differences and therefore are utilized in many areas,
from electrical and electronic equipment to ovens and furnaces. They are a vital art
of temperature control.
The heat pipe can be divided into three sections: the evaporator which is located
near the heat source, the condenser which is located near the heat sink and the middle
portion called the adiabatic section. When liquid evaporates in the evaporator, it
also absorbs the latent heat of vaporization. It then travels down to the condenser
where it liquefies and rejects the latent heat to the surroundings. The liquid then
flows back to the evaporator and complete the circulation.
Exist some different way to create the necessary pressure to move the fluid inside
the heat pipe, one of this consists by using a wick, that create the pressure difference
utilizing the capillarity effect. The wick it’s the object of this study, and about the
wicked heat pipe it will be speak a lot in the next paragraphs, for the moment it was
reported a fast summary of the alternatives at the wicked heat pipes (fig. 5.2).
One of the most important alternatives to the wicked heat pipes is the two-
phase closed thermosyphon (fig. 5.2a) that employs gravity to circulate the working
fluid. The thermosyphon must be positioned upright with the condenser above the
evaporator. The wick may then be dispensed with altogether. However, a wick is
sometimes added to a thermosyphon to improve contact between the liquid and the
wall [4]. The applications of thermosyphons are limited by their need to be placed
upright and by their dependence on gravitational forces. For example, thermosyphons
could not be used in spacecraft. The rotating heat pipe (fig. 5.2b) is very seldom
used alternative. Again it has no need of a wick. Centrifugal forces created in the
rotating pipe draw the condensed liquid against the wall of the heat pipe. The
tapered inner wall then draws the working fluid back down the pipe to the evaporator
section. Rotating heat pipes are generally employed for heat transfer in systems
which are already rotating.
5.1.1 Wicked heat pipe
A wicked heat pipe consists of a sealed aluminum or copper container whose inner
surfaces have a capillary wicking material. A heat pipe is similar to a thermosyphon.
It differs from a thermosyphon by virtue of its ability to transport heat against
gravity by an evaporation-condensation cycle with the help of porous capillaries that
form the wick. The wick provides the capillary driving force to return the condensate
to the evaporator. The quality and type of wick usually determines the performance
of the heat pipe, for this is the heart of the product. Different types of wicks are
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(a) Two Phase Closed Thermosyphon (b) Rotating Heat Pipe
Figure 5.2: Alternatives to the wicked heat pipe
used depending on the application for which the heat pipe is being used.
The three basic components of a heat pipe are:
1. the container
2. the working fluid
3. the wick or capillary structure
The attention it will be concentrate on the wick. It is a porous structure made
of materials like steel, aluminum, nickel or copper in various ranges of pore sizes.
They are fabricated using metal foams, and more particularly felts, the latter being
more frequently used. By varying the pressure on the felt during assembly, various
pore sizes can be produced. By incorporating removable metal mandrels, an arterial
structure can also be molded in the felt.
The prime purpose of the wick is to generate capillary pressure to transport
the working fluid from the condenser to the evaporator. It must also be able to
distribute the liquid around the evaporator section to any area where heat is likely
to be received by the heat pipe. Often these two functions require wicks of different
forms. The selection of the wick for a heat pipe depends on many factors, several of
which are closely linked to the properties of the working fluid.
The maximum capillary head generated by a wick increases with decrease in pore
size. The wick permeability increases with increasing pore size. Another feature of
the wick, which must be optimized, is its thickness. The heat transport capability
of the heat pipe is raised by increasing the wick thickness. The overall thermal
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resistance at the evaporator also depends on the conductivity of the working fluid in
the wick. Other necessary properties of the wick are compatibility with the working
fluid and wet ability. The most common types of wicks that are used are as follows
(fig. 5.3):
• Sintered Powder
This process will provide high power handling, low temperature gradients and
high capillary forces for anti-gravity applications. The photograph shows a
complex sintered wick with several vapor channels and small arteries to increase
the liquid flow rate. Very tight bends in the heat pipe can be achieved with
this type of structure.
• Grooved Tube
The small capillary driving force generated by the axial grooves is adequate for
low power heat pipes when operated horizontally, or with gravity assistance.
The tube can be readily bent. When used in conjunction with screen mesh the
performance can be considerably enhanced.
• Screen Mesh
This type of wick is used in the majority of the products and provides readily
variable characteristics in terms of power transport and orientation sensitivity,
according to the number of layers and mesh counts used.
Figure 5.3: Most common types of wicks [3]
Working
Inside the container is a liquid under its own pressure, that enters the pores
of the capillary material, wetting all internal surfaces. Applying heat at any point
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along the surface of the heat pipe causes the liquid at that point to boil and enter a
vapor state. When that happens, the liquid picks up the latent heat of vaporization.
The gas, which then has a higher pressure, moves inside the sealed container to
a colder location where it condenses. Thus, the gas gives up the latent heat of
vaporization and moves heat from the input to the output end of the heat pipe. A
pressure difference is also maintained between the liquid and the vapor by having a
curved interface between the two in the evaporator section (fig. 4.2), in [18] Dunn
reported a discussion about the capillarity head. Heat pipes have an effective thermal
conductivity many thousands of times that of copper. In the figure 5.4 is shown
how the wicked heat pipe works and where the wick is positioned. The information
Figure 5.4: Wicked heat pipe
Figure 5.5: Shape of Liquid-Vapor Interface
reported in this paper was found in [3] in which it’s possible to find also more
information about the wicked heat pipe. In [3] the authors did a design for a heat




5.1.2 Heat Pipe Performance and Operating Limits
The heat transfer performance of a wicked heat pipe is characterized by two
parameters, the rate of heat transfer and the effective thermal conductivity. For the
moment the attention it will be concentrate on the maximum heat transfer rate.
Considerable work has been done in creating models to predict the maximum
heat transfer rate. Through that work, a number of failure modes, which limit the
maximum heat transfer rate have been discovered. Among these failure modes, it will
look at the vapor pressure limit, the sonic limit, the entrainment limit, the capillary
limit and the boiling limit.
1. Vapor pressure limit
When at temperatures at the bottom of the heat pipe operational range, the
vapor pressure is low. The maximum vapor pressure occurring at the closed
end of the evaporator can be so low that it limits the pressure drop in the
vapor. Correspondingly, if the pressure drop in the vapor is limited, the vapor
flow is limited. Therefore the rate of heat transfer along the pipe is limited to
a value known as the vapor pressure limit. By raising the temperature at the
closed end of the evaporator, the vapor pressure limit may be increased.
2. Sonic limit
At low temperatures the vapor flow velocity is high. The vapor velocity must
not exceed the speed of sound as flow would then become choked. The rate of
heat transfer is limited to a value known as the sonic limit. The sonic limit
is dependent on the temperature at the closed end of the evaporator. Again
raising the temperature here will give a larger sonic limit.
3. Entrainment limit
The velocity of the vapor is much larger than that of the liquid. This can cause
droplets of liquid to be pulled out of the wick and into the vapor flow. These
droplets never reach the condenser. As more liquid is drawn out of the wick, it
is at risk of drying up. Therefore we say that there is a limit to the velocity
of vapor flow known as the entrainment limit. The actual entrainment limit
is very difficult to predict, so in practice, the rate of heat transfer at which
entrainment begins is used as a safe working maximum value [4].
4. Circulation limit
The capillary pressure difference which drives the circulation of the fluid through
the wick is limited by the physical properties of the wick. At the point of
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maximum capillary pressure difference, the rate of circulation of the liquid also
reaches its maximum. Any attempt to increase fluid circulation further results
in a failure of circulation and causes dry-out in the evaporator. This max rate
of circulation is known as the circulation limit or the capillary limit.
5. Boiling limit
The operating temperature is limited by the boiling limit. If the liquid in
the evaporator boils, vapor bubbles have difficulty in escaping from the wick
and then interfere with the liquid circulation. If the boiling in the evaporator
becomes intense enough it causes dry out in the evaporator. Similarly to the
entrainment limit, it is difficult to predict the boiling limit, so the rate of heat
transfer at which boiling begins is used as the boiling limit [20], [21].
These limits form an operating envelope within which the heat pipe must
perform (fig. 5.6)
Figure 5.6: Theoretical Operating Envelope [4]
5.1.3 Thermal Resistance Circuit
The resistance to heat flow in a heat pipe can be characterized by the thermal
resistance circuit shown in the fig. 5.7.







where q′′ is the flux through the heat pipe, Te is the temperature in the evaporator,
Tc is the temperature in the condenser and Rtotal is the total thermal resistance in
62
5.1. HEAT PIPES
Figure 5.7: Thermal Resistance Circuit for a Wicked Heat Pipe [2]
the heat pipe [2].
Each component of the heat pipe has its own individual resistance to heat flow.
Therefore the overall thermal resistance is the sum of those individual resistances.
The five significant thermal resistances, shown in fig. 5.7, make up the following
equation for the total thermal resistance of the heat pipe:
Rtotal =
∑
R = Revap,wall +Revap,wick +Rvapor +Rcond,wick +Rcond,wall (5.2)
The thermal resistance of the wick in the evaporator section, Revap,wick, and the
thermal resistance of the wick in the condenser section, Rcond,wick, are larger than the
other thermal resistances and are said to dominate the overall thermal resistance [22].
Generally the two values are modeled using Fourier conduction giving the equations:
Revap,wick =
ln(ri/rv)




2 ·pi ·Lc · keff (5.4)
where ri is the inner wall radius, rv is the radius of the vapor core, Le and Lc
are the lengths of the evaporator and condenser sections and keff is the thermal
conductivity of the liquid saturated wick. Thus since these are the areas of highest
thermal resistance, it may be said that the effective thermal conductivity of the wick
is essential to predicting the overall heat transfer performance of a wicked heat pipe.
5.1.4 Effective Thermal Conductivity
While there have been a number of investigations focused on predicting the
maximum heat transport capability of wicked heat pipes, there have been less work
63
CHAPTER 5. EFFECTIVE THERMAL CONDUCTIVITY PREDICTIONS FOR SCREEN
MESH WICKS
focusing on predicting how the heat pipe performs before these limits are encountered.
The main indication of how the heat pipe performs before such limits are reached is
in the effective thermal conductivity of the liquid saturated wick. The higher the
conductivity of the wick structure the more heat can be transferred through the wick
and therefore the greater the performance of the heat pipe as a whole.
There are a number of existing models to predict the thermal conductivity of the
wick, all of which are derived analytically or semi-empirically. It is generally assumed
in these models that the heat transfer occurs by conduction through the evaporator
and condenser sections of the wick with phase change taking place at the surface of
the wick. This is due in part to the fact that these areas represent the upper limit
of the thermal resistance of the wick [23]. The working fluid is the most thermally
resistive component of the heat pipe, and the saturated wick is where it is contained.
Results indicate that the thermal resistance of heat pipes changes with heat flux,
indicating a possible change in mode of heat transfer [24, 25]. Also when boiling
heat transfer occurs in the evaporator, the thermal resistance is affected. However,
the effective thermal conductivity of the wick is approximately constant over the
working range.
Porosity in Liquid Saturated Wicks
Porosity is an important factor in calculating the thermal conductivity of any
model. Porosity is the ratio of the volume of free space, filled by the working fluid,
to the volume of the solid wick [22].
There are a number of models which have been derived analytically to determine
the porosity of typical wire screen meshes. A study on the various types of screens
available was undertaken by Armour and Cannon [26] and an equation for a square-
mesh screen was thus presented
 = 1− pi ·A ·B
















with d being the diameter of the screen wires, w as the width of the openings in the
screen, and t being the thickness of a layer of screen.
Marcus [27] presented a correlation for porosity which allows for neglecting a
degree of intermeshing between adjacent layers of screen wire mesh





where S is a crimping factor of approximately 1.05, and N is the mesh number of
the screen mesh, given as the number of openings per unit length and calculated
by N = 1/(d+ w). For single screens, it has been proposed by ESDU [28] in which
there is no crimping term which is not needed for a single screen. As porosity
aids in defining the effective thermal conductivity, it follows from above that the
geometry of the screen mesh plays a significant role in the effective conductivity,
and hence the porosity of wick is quite important in predicting the performance of a
capillary-driven heat pipe. As has been mentioned above, the number of layers can
attribute differences in correlations, and as such, the thickness of the wick can make
a contribution to the porosity when there are multiple layers of screen mesh, and
this must be taken into account. [29] proposed a correlation including this factor
 = 1− pi ·σ1 · (1− 1)
σw
(5.8)
where σ1 is the thickness of one layer of wick, 1 is the porosity of one layer of wick,
and σw is the thickness of the entire wick, which must be measured directly for this
expression to be used.
Phillips et al in [30] discussed the solid volume fraction as the equation
ξ = 1−  (5.9)
where  is a function of l, d and a very complicated that is not reported. This
expression can be used along with the expressions and criteria outlined in [30] in
their effective thermal conductivity model which centers around the idea of a mean
gap thickness between wick wires.
Chang also presented an expression for porosity that neglected any crimping
factors [31]:
 = 1− pi ·A ·B
2 · (1 +A) (5.10)
Effective Thermal Conductivity Models
The effective thermal conductivity of the liquid saturated wick is governed by three
parameters, the conductivity of the solid wick, the conductivity of the working fluid
and the geometry of the mesh. The upper and lower limits of thermal conductivity
are obtained by arranging the solid and the liquid phases in parallel and series
respectively [32]. The effective thermal conductivity for each configuration are given
by:
kparallel =  · kl + (1− ) · ks (5.11)
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 · ks + (1− ) · kl (5.12)
where  is the porosity of the wick (defined by geometry of the mesh), kl is the
thermal conductivity of the liquid and ks is the thermal conductivity of the solid.
A typical screen mesh is shown in fig. 5.8 and it may be seen how the models are
derived by taking a single cell of the mesh.
It would be said that the values of kparallel and kseries are of limited practical use
Figure 5.8: Typical screen mesh wick
as they are so for apart. The actual effective thermal conductivity of the liquid
saturated wick lies somewhere in between the two. However, manufacturers use the
parallel model when evaluating the performance of their products as it gives the
impression of high performance.
It would be possible to calculate the effective thermal conductivity of any porous
media analytically if the geometry were known, though this is not often practiced.
Attempts however have been made to find effective thermal conductivities for typical
geometries using semi-empirical techniques. A thorough mathematical analysis of a
square array of uniform cylinders was presented by Rayleigh [33] in his study of the
series effective conductivity of a medium influenced by obstacles
keff =
kl · [(kl + ks)− (1− ) · (kl − kw)]
[(kl + ks) + (1− ) · (kl − kw)] (5.13)
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This expression is reduced from Rayleigh’s original equation by stating the absolute
value of β is greater than or equal to 1, and by ignoring terms in the form of (1− )4
or higher. This equation was found to be in agreement with experimental values for
’dispersion’ type porous media, where discontinuous phase is dispersed in a continuous
one [32]. However, wrapped wick do not really fit into this category as the liquid
and solid phases are in contact but not tightly packed [34].
Not discounting examination of a mesh by pure mathematical analysis, an
examination of the effective thermal conductivity of a cell of mesh was conducted by
Acton (1981), where by the cell was split into discrete sections of parallelepipeds -
parallel pipe-like units - of equivalent volume. The estimation of the effective thermal
conductivity then involved treating these sections as series and parallel elements [35]
giving:
keff = 2 · kl + (1− )2 · ks + 4 ·  · (1− ) · kl · ks
kl + ks
(5.14)
Chang used a similar technique to that of Acton’s, proposing that the effective














2 · [1 +A · (1− α)]
























is an empirical function which was determined from experimental measurements of
the effective thermal conductivity. Acton and Chang’s approaches were both similar
however, Acton’s model is purely analytical where Chang’s enforced his findings
using experimental data which accounts for the effects of contact resistance and
compression of the wick.
Experiment to directly measure the effective thermal conductivity of various
liquid saturated wicks have also been performed. Alexander measure the thermal
conductivities of sintered layers of wire screen mesh saturated in water giving the
following estimation of effective thermal conductivity [36]:






Van Sant and Malet measured the effective thermal conductivities of various different
mesh sizes, layers, materials and working fluids [37]. They did not present a correlation
67
CHAPTER 5. EFFECTIVE THERMAL CONDUCTIVITY PREDICTIONS FOR SCREEN
MESH WICKS
for their results presented data on a number of specific combinations of mesh size,
material and working fluid. They noted that when additional layers were aligned
that there was intermeshing of layers, however never to the extent that it would have





Kar and Dybbs performed similar experiments to determine the thermal conductivity
of both fully and partially saturated wicks [38]. For comparison, they also presented a
correlation developed by Aiazov and Domashnev [39]. These models are represented
below:
Kar and Dybbs




1 + 11 · 2 (5.21)
Having noted that the lack of success in effective thermal conductivity models
can be attributed to oversimplification, [30] presented a model based on a cell of
woven screen mesh, which they referred to as a mean gap thickness conductance
model in the literature, and which takes account of the effects of mesh geometry,
three dimensional effects and layer-to-layer contact.
k∗eff =
1 + k∗eff |ω=1 − 1
1 + (ω − 1) · k∗eff |ω=1
(5.22)
where





1 + δ∗ · (k∗ − 1) − 1
]
(5.23)
























5.2 Effective Thermal Conductivity prediction - FEM
Analysis
5.2.1 Analysis Objective
The purpose of the analysis are:
1. seeing how the physical configuration of the wick influences the value of effective
thermal conductivity by conducting a sensitive analysis where the element
sizing was reduced until a good approximation of the real value of thermal
conductivity was found,
2. observing the effects of increasing screen layers on the contribution to the
effective thermal conductivity by conducting analyses for scenarios with one,
two, and three layers of screen wick.
3. cataloguing the effects of both porosity variation and wick type,
4. examining the effect of a layer of water between the heat pipe inner wall and
the first layer of wick,
5. examining the effect of some vapor being inside the wick rather than the wick
being completely saturated with water,
In the previous paragraphs has been described a lot of model to estimate the wick
porosity. To analyze the next datas, will be used the model propose from Marcus
(eq. 5.7).
It exists a filing of different wick that depends on the wires diameter and of
the aperture, in the next analysis any different wick type with different values of
porosity was considered. This to understend how the porosity influences the effective
thermal conductivity. The types of screen meshes under examination in this study,
the dimensions of that and the porosity of each one are given in table 5.1. From
the table, it can be seen that for certain screen wick configurations, the dimensions
of the wire diameters, and hence the aperture lengths, can differ while the mesh
number stays the same. This is not an uncommon occurrence, and adds greatly to
the choice of screen wicks available. In these cases, the different wicks have been
given an additional index number to allow for distinction.
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Table 5.1: Wick mesh type and their characteristics
wick mesh type wires diameter (mm) aperture (mm) porosity (Marcus model)
wick mesh 100-1 0.10922 0.15400 0.66
wick mesh 100-1 0.08890 0.16510 0.71
wick mesh 145 0.03000 0.14054 0.86
wick mesh 200-1 0.05842 0.06858 0.62
wick mesh 200-2 0.04064 0.08636 0.74
wick mesh 250 0.04064 0.06096 0.67
5.2.2 Current Modeling Technique
As mentioned in the earlier sections, the geometry and arrangement of the wick,
and hence the distribution of working fluid through the screen, plays an integral
part in the effective thermal conductivity of the wick. Hence, an initial rudimentary
physical representation of a small section of wick was established, along with the
void spaces which will be filled with working fluid, as can be seen in figure 5.8.
In order to model the wire screen effectively, it was a logical progression to model
only one cell of wick using symmetry properties, as this can be multiplied many times
to form the complete structure, as well as keeping computational time down. This
method also allows for a more accurate modeling analysis mesh which will give more
accurate results. The model needed to fill two sectioning requirements - a straight
section where two wires interact, and an inclined rectilinear section as wires divide
the void spaces. In order to fully model the saturated wick as it would behave in a
heat pipe, as well as the interaction of the wick with the working fluid and vice-versa,
the screen wires and the filled-void sections must both be included in the overall cell
of wick, as shown in figures Using the following nomenclature:
• d: diameter of the wires
• a: cell dimensions (length and width)
• s: length of the straight section of the wire
in the model has been used s = d/5 to avoid problems of contact between two
different wires in the inclined part.
Analytical equation that describes the wires profile can be expressed by the
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(a) Model built for the copper wires (b) Model built for the water inside the wick
Figure 5.9: Models of the cell
following broken equation:
y = 34 · d 0 < x < s
y = 34 · d+ d ·x−s · da s < x < a− s
y = 12 · d a− s < x < s
(5.29)
Looking at [40] in which Krishnan modeled a cell for another kind.... has been used
the same practice to estimate the porosity of the model, the volume of a single wire
modeled (that is an half wire) is:
Vhalf wire =




d2 + (a− 2 · s)2
2
(5.30)
To calculate the water volume it’s enough to subtract four half wires volume from
the cubic cell, hence that volume can be expressed by:
Vwater = Vparallelepiped−Vhalf wire = 2 · d · a2−4 ·




d2 + (a− 2 · s)2
2
(5.31)





2 ·pi · d2 · s+ pi · d2 ·
√
d2 + (a− 2 · s)2
4 · d · a2 (5.32)
Mesh Structure
The fluid model and the solid model were meshed with the same kind of mesh
and the same positions for the nodes were in contact. The mesh consisted entirely
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of tetrahedral elements and was built utilizing free construction, as the mesh is too
complex to use a neater mesh. With each set of tests, an element’s number varies
where each different mesh number has been considered individually, and as such,
each element number will be included when discussing the respective screen mesh
number being considered. In figures 5.10 and 5.11 are represented the kind of mesh
used for the model.
Figure 5.10: Kind of mesh built for the water model of the mesh wick 145
Boundary Conditions
There were two types of available boundary conditions that were applied to the
model: a symmetry boundary condition, which was applied to every lateral surface,
and two wall boundary conditions, which were assigned specific temperatures on
both the top and bottom surfaces. The temperature assigned don’t have influence
on the results about the thermal conductivity, in this case was used a difference of
temperature of 3 ◦C (Thot = 103 ◦C and Tcold = 100 ◦C). To allow the modeling
program to distinguish between both the copper and the water sections which made
up the overall wick cell, each was assigned their own domain in the analysis. Contact
between all interacting surfaces between the two was then defined by an interface
domain. This enabled transference of the information generated at the nodes of the
copper cell to the nodes of the water cell.
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Figure 5.11: Kind of mesh built for the copper model of the mesh wick 145
Analysis Settings and Convergence Control
The analysis was then set to the steady state case, as non-steady state effects
could be neglected in the study. was set to 103 ◦C and the temperature on the side
of the wick cell that is in contact with the water was set to 100 ◦C .Any effects
which occur due to the difference in temperature between the two side of the wick
could be neglected for the calculation of keff , as it is only the negligible change
in thermal conductivity of the water which would change with the temperature.
The convergence control permitted the use of an automatic timescale control and a
maximum number of 100 iterations, and so, the convergence criteria allowed for the
provision of a target of 1 · 10−6 for the RMS residual type.
5.2.3 Sensitivity Analysis
For this kind of analysis wick mesh 100-1 was considered, with the model being
built using three different element sizes. For the first case the model was meshed
with an element size of d/20/mm where d is the diameter of the wire. For the second
case an element size of d/25 mm was used, and in the third case, an element size of
d/30 mm was used. The element sizes and the number of elements produced are in
the table 5.2. The results of these analyses are summarized in table 5.3, and it can
be seen how the element size and number can improve the accuracy in measuring
73
CHAPTER 5. EFFECTIVE THERMAL CONDUCTIVITY PREDICTIONS FOR SCREEN
MESH WICKS
Table 5.2: Sensitive analysis-element size and number of element for the cases studied




the value of keff . The variation of effective conductivity value with element size is





given in figure 5.12.
Figure 5.12: Variation of keff with the element size
5.2.4 Alternating Wick Layers
This analysis was carried out on wick types Wick mesh 100-1 and Wick mesh
145, and the results of the variation in layers of these types of wick are summarized
in table 5.4. The model built for this study is reported in figure 5.13.
The variation of effective conductivity value with wick type and number of layers is
given in figure 5.14. Looking at these results, is reasonable to say that even though
there is a small increase in value of keff with increasing the numbers of the layers
of the wick, the value of keff does not change significantly. In the figure 5.15 are
reported the temperature profile in a plane accross the wick cell for the on, two and
three layers configurations.
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Figure 5.13: model built for the three layers analysis (wick mesh 145)
Table 5.4: Layers analysis results
keff
1 layer 2 layers 3 layers
Wick mesh 100-1 8.25 8.78 9.28
Wick mesh 145 1.85 2.00 2.41
Figure 5.14: Layers analysis results
5.2.5 Mesh Configuration Effects on Porosity and Current Effec-
tive Conductivity Models
As discussed previously, the values of porosity and effective thermal conductivity
vary greatly among the individual correlations, and again it can be seen how the
effective thermal conductivity varies with changing porosity. The results of the CFX
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(a) Temperature profile for one layer con-
figuration
(b) Temperature profile for two layers con-
figuration
(c) Temperature profile for three layers
configuration
Figure 5.15: Temperature profile inside the cell for the different layers configurations
(wick mesh 100-1)
analysis from this study are summarized in the table 5.5 and are compared with all
the correlations discussed previously.
Again from figure 5.16 above, we can see that the CFX values right between all
the current correlations discussed, and the trend in data agrees with those of the
correlations where keff decreases with increasing porosity for the same reason as
outlined above - that there is a higher percentage of water in the wick. The CFX
curve above also registers the increase in transverse thermal resistance across the
wick, and hence, an increase in overall thermal resistance, again concurring with
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Figure 5.16: Variation of keff with the porosity of the wick
findings from Chen et al [41].
By extrapolating a possible curve fit for the CFX data in figure 5.17, a correlation
for the behavior of the wick effective thermal conductivity can be formulated and is
given in equation 5.33.
keff = 25.52 · 3 − 25.15 · 2 − 36.46 · + 35.46 (5.33)
Figure 5.17: Variation of CFX keff values with the porosity of the wick
78
5.2. EFFECTIVE THERMAL CONDUCTIVITY PREDICTION - FEM ANALYSIS
5.2.6 Effect of water working fluid interrupting contact between
the heat pipe wall and the first layer of wick
For this analysis, a layer of water was inserted between the heat pipe inner wall
and the wick itself, thus interrupting contact between these two components, so
naturally it stands to reason that this should have some effect on the value of effective
thermal conductivity. Hence modeling was conducted with a layer of water in contact
with the wick. In figure 5.18 is represented the model built for the fluid part in this
analysis (water layer thickness of d/3). To observe his influence, the thickness of this
Figure 5.18: Model built to study the water layer effect for the fluid part
layer was varied with the dimensionless values d/3, 2 · d/3 and d. The analysis was
conducted for Wick mesh 145, with two layers of mesh under consideration, and the
results are summarized in the table 5.6 and in the figure 5.19.






Wickmesh145 1.45 1.32 1.2
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Figure 5.19: keff variation with water layer thickness
5.2.7 Effective thermal conductivity of a wick saturated with water
vapor instead of liquid water
For this analysis, the fluid in wick was simply changed from liquid water to water
vapor, with the properties of the water vapor being found at 100 ◦C, and the water
vapor itself has a thermal conductivity of 0.017 Wm K . The analysis was carried out
for Wick mesh 145, and as such, this resulted in a keff value of 0.1 Wm K .
5.3 Conclusions
Having undertaken the above study, it is possible to conclude that numerical
analysis modeling using a fluid analysis package can be used to determine the value of
effective thermal conductivity for wire screen meshes to an accurate degree, and the
CFX package will register the effect of porosity on the effective thermal conductivity.
When using a fluid modeling package, it is important to note the sensitivity of the
results found, as these will have an impact on the final results.
The fact that the CFX data falls directly between the Chang [31] and Aivazov &
Domashnev [39] models indicates the influence of empiricism on the study of effective
wick conductivity, and that issues such as intermeshing, sintering effects, compression
pressure, contact angle, etc. will all play a part in individual results.
The value of effective conductivity will not change significantly with increasing
wick layers, but any changes observed will be due to the presence of an increased
amount of wick screen, which will pull the value of effective thermal conductivity
closer to that of the wire mesh substance. Similarly, when the void fraction of the
mesh increases, the water will be the dominant weighting factor for the value of
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effective thermal conductivity. Hence a full understanding these attributes is essential
for any optimisation of heat pipe design.
The positioning of a layer of water between the heat pipe inner wall and the wire
screen mesh will introduce a decrease of 21.6% in effective thermal conductivity for
a water layer of d/3, a decrease of 28.6% for a water layer of 2 d/3, and a decrease
of 35.1% for a water layer of d respectively.
The modeling conducted with a vapor saturated wick resulted in a keff value
of 0.1 Wm K . This value is very low because the water vapor itself has a thermal
conductivity of 0.017 Wm K - a 94.5% decrease in effective thermal conductivity. This
also occurs because Wick mesh 145 has a high porosity, this will greatly weight the
value of effective thermal conductivity towards that of the water vapor.
A possible direction of study for future work in this area can developing in
a theory side and in a modeling side. In the theory side it would be to follow in the
work of [31] and reduce the dependence of the effective conductivity correlation on
the value of porosity, as this requires an additional correlation to find these values
of porosity before effective thermal conductivity can be found. The two parameters
necessary for any analysis should be the mesh number and the wire diameter, as these
are two primary values which are quoted in screen wire catalogues, and hence would
remove the need for a porosity correlation. However, this would present the new
problem of effective thermal conductivity being dependant on two varying parameters
rather than one, and would make data comparison that little bit more complicated.
About the FEM model developed it should be studied in a more great detail the
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In this appendix an other simple problem analyzed in the first part of the
experience is reported. This because of to familiarise with the software that has been
used to solve the thermal problems treated in the previous chapters.
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APPENDIX A. EXAMPLES OF OTHER PROBLEMS ANALYZED
A.1 Isothermal Fins
In this case the air flow between two, three and more isothermal fins, due to
natural convection has been analyzed. It was made a two-dimensional analysis to
have more accurate results thanks to a more fine mesh. The dimensions utilized in
the problem are shown in the figure A.1.
Figure A.1: Dimensions utilized to solve the problem
Results
The results about the heat transfer are summarized in table A.1. In the figure
Table A.1: Results about the heat transfer for two fins 2D
Average heat flux 224.5 W
m2
Average heat transfer coefficient 4.49 W
m2 ·K
A.2 are shown the plot of temperature and the velocity inside the channel consisted
of the two fins and in the figure A.3 are shown the profile of these quantities in the
channel along a line 298 mm heigth in the channel. After to analyze the two fins
problems it was studied in the same way a three fins problems, the results about the
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A.1. ISOTHERMAL FINS
(a) Temperature in the channel (b) Velocity in the channel
Figure A.2: Temperature and velocity inside the channel
heat transfer are the same than the previos case, in the figure A.4 are represented
the temperature and velocity plot inside the channels.
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APPENDIX A. EXAMPLES OF OTHER PROBLEMS ANALYZED
(a) Temperature profile in the channel (y = 298 mm)
(b) Velocity profile in the channel (y = 298 mm)
(c) Heat Transfer Coefficient profile along th fins
Figure A.3: Temperature and velocity profile inside the channel at y = 298 mm and
heat transfer coefficient profile along the fins
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A.1. ISOTHERMAL FINS
(a) Temperature in the channels (b) Velocity in the channels




Ansys Codes Utilized to Build the
Meshes for all the problems studied
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B.1 Isothermal Plate














































































B.2 Conducton and Convection for an Heat Pipe







































































































































B.3 Natural Convection Heat Sink



























































! mesh of the areas for CFX
type,2
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!building of .cdb file for CFX
CDWRITE,DB,solid,cdb
B.4 Forced Convection Heat Sink






















































































































































































































































































!building of .cdb file for CFX
CDWRITE,DB,solid,cdb
B.5 Wick




















































































































































































































































































































[1] H. Jouhara and B. P. Axcell, “Modelling and Simulation Techniques for Forced
Convection Heat Transfer in Heat Sinks with Rectangular Fins,” Journal of
Simulation Modelling Practice and Theory (Under review), 2008.
[2] T. Zitzmann, P. Pfrommer, M. Cook, S. Rees, and L. Marjanovic, “Simula-
tion of steady-state natural convection by using CFD,” Proceedings of the 9th
International Building Simulation Conference, Montreal, Canada, 2005.
[3] L. Nithiarasu, Fundamentals of the Finite Element Method for Heat and Fluid
Flow, ...
[4] Y. A. Cengel, Heat Transfer, A Pratical Approach. Mcgraw-Hills.
[5] F. Incropera and D. DeWitt, Fundamentals of Heat and Mass Transfer, 4th
edition. Jhon Wiley & Sons.
[6] J. Carvill, Mechanical Engineer’s Data Handbook, 1993.
[7] A. Bar-Cohen, M. Iyengar, and A. Kraus, “Design of Optimum Plate-Fin Natural
Convective Heat Sinks,” Journal of Electronic Packaging, vol. 125.
[8] P. Teertstra, M. Yovanovich, J. Culham, and T. Lemczyk, “Analytical forced
convection modeling of plate fin heat sinks,” Semiconductor Thermal Measure-
ment and Management Symposium, 1999. Fifteenth Annual IEEE, pp. 34–41,
1999.
[9] Z. Duan, Y. Muzychka, et al., “Experimental Investigation of Heat Transfer in
Impingement Air Cooled Plate Fin Heat Sinks,” Journal of Electronic Packaging,
vol. 128, pp. 412–418, 2006.
117
BIBLIOGRAPHY
[10] D. Shin and S. Co, “Thermal Design and Evaluation Methods for Heat Sink,”
Tech. Report. 7th International FLOTHERM User Conference, Verona, Italy,
T226, Tech. Rep., 1998.
[11] R. Shah and M. Bhatti, “Laminar convective heat transfer in ducts,” Handbook
of Single-Phase Convective Heat Transfer, 1987.
[12] ——, “Laminar convective heat transfer in ducts,” Handbook of Single-Phase
Convective Heat Transfer, 1987.
[13] R. Comunelo and S. Güths, “Natural convection at isothermal vertical plate:
neighbourhood influence.”
[14] R. O’Connor, K. Kerrigan, G. Vigna, H. Jouhara, and A. Robinson, “Finite
Element Modelling Analysis of the Effective Thermal Conductivity in Liquid
Saturated Wicks,” The proceedings of the Advances in Mechanics Symposium,
Dublin, Ireland., 2008.
[15] R. Kempers, “,” Thesis, Department of Mechanical Engineering, McMaster
University, Canada.
[16] P. Dunn and D. Reay, “Heat pipe.” Physics in Technology, vol. 4, no. 3, pp.
187–201, 1973.
[17] S. Chi, Heat Pipe Theory and Practice: A Sourcebook. Hemisphere Pub. Corp.,
1976.
[18] E. S. D. Unit, Heat Pipes - General Information on their Use, Operation and
Design, 2005, February.
[19] T. C., “Mathematical Modeling, Numerical Simulaton and Statistical Optimiza-
tion of Heat Pipe Design.”
[20] H. Jouhara and A. J. Robinson, “An experimental study of small diameter
wickless heat pipes operating in the temperature range 200oC to 450oC,” Heat
Transfer Engineering (in press), 2008.
[21] H. Jouhara, O. Martinet, and A. Robinson, “Experimental Study of Small Di-
ameter Thermosyphons Charged with Water, FC-84, FC-77 & FC-3283,,” Paper
Accepted for presentation at the 5th European Thermal-Sciences Conference
(Eurotherm), Eindhoven, The Netherlands, 2008.
[22] P. Dunn and D. Reay, “Heat Pipes.” Elsevier Science Inc., New York, USA.
118
BIBLIOGRAPHY
[23] G. ASSELMAN and D. GREEN, “Heat pipes. I(Heat pipe operation and char-
acteristics, considering working fluid properties, choice and figure of merit),”
Philips Technical Review, vol. 33, no. 4, pp. 104–113, 1973.
[24] M. Semena, “Method of computing the thermal resistance of low-temperature
heat pipes with metal-fiber wicks,” Journal of Engineering Physics and Ther-
mophysics, vol. 36, no. 3, pp. 287–292, 1979.
[25] R. Moss and A. Kelly, “Neutron radiographic study of limiting planar heat pipe
performance,” Int. J. Heat Mass Transfer, vol. 13, pp. 491–502, 1970.
[26] J. Armour and J. Cannon, “Fluid flow through woven screens,” AIChE Journal,
vol. 14, no. 3, pp. 415–420, 1968.
[27] B. Marcus, T. S. Group, and A. R. Center, Theory and Design of Variable
Conductance Heat Pipes. National Aeronautics and Space Administration,
1972.
[28] ESDU, “Heat Pipes - Properties of Common Small-Pore Wicks,” Data Item No
79013, Engineering Sciences Data Unit, London, United Kingdom, 1979.
[29] K. H. H. S. Imura, H and K. Takashima, “Heat-Transfer Characteristics in
Screen-Wick Heat Pipes,” JSME International Journal Series II, vol. 31.
[30] H. J. Philips, EC, “Determination of capillary properties useful in heat pipe
design,” ASME-AIChE Heat Transfer Conference, Minneapolis, Minnesota,
August 1987.
[31] W. CHANG, “Porosity and effective thermal conductivity of wire screens,”
Journal of heat transfer, vol. 112, no. 1, pp. 5–9, 1990.
[32] R. Gorring and S. Churchill, “Thermal conductivity of heterogeneous materials,”
Chem. Eng. Progr, vol. 57, p. 53, 1961.
[33] L. Rayleigh, “On the influence of obstacles arranged in rectangular order upon
the properties of a medium,” Phil. Mag, vol. 34, no. 1892, pp. 481–502, 1892.
[34] P. Dunn and D. Reay, “Heat Pipes, 2nd Ed.” Pergamon Press, Oxford, England.
[35] A. Acton, “Correlating equations for the properties of metal-felt wicks,” Advances




[36] E. Alexander, “Structure-property Relationships in Heat Pipe Wicking Materials.”
Ph.D. dissertation, North Carolina State University at Raleigh., 1972.
[37] J. VANSANT and J. MALET, “Thermal conductivity of some heat pipe wicks,”
Letters in Heat and Mass Transfer, vol. 2, pp. 199–205, 1975.
[38] K. Kar and A. Dybbs, “Effective thermal conductivity of fully and partially
saturated metal wicks,” International Heat Transfer Conference, 6th, Toronto,
Canada, August 7-11, 1978, General, 1978.
[39] M. Aivazov and I. Domashnev, Poroshkovaya Metallurgiya, 1968, vol. 9.
[40] S. Krishnan, J. Murthy, and S. Garimella, “Direct Simulation of Transport in
Open-Cell Metal Foam,” Journal of Heat Transfer, vol. 128, p. 793, 2006.
[41] Y. Chen, S. Wu, and C. Chu, “Thermal performance of sintered miniature heat
pipes,” Heat and Mass Transfer, vol. 37, no. 6, pp. 611–616, 2001.
[42] I. ANSYS, “ANSYS Commands Reference,” SAS, IP Inc, 1997.
120
